New flower colours and new colour patterns have always been of great interest to breeders, who are constantly on the lookout for new sources of variation with which to extend their range of cultivars. In azalea, the sporting phenomenon provides a rapid means for expanding the assortment. The insight into the molecular mechanism behind the sport induction phenomenon would be beneficial for breeding programs. The first requirement to accomplish this goal is to molecularly characterise the phenotypic differences between sports. Here we report the isolation and characterisation of the flavonoid pigment genes dihydroflavonol 4'-reductase and chalcone synthase.
Introduction
Belgian pot azaleas (Rhododendron simsii hybrids) belong to the Tsutsusi subgenus of Rhododendron (Cullen, 1991) . Crosses among species are frequently fertile, but reproductive barriers limit the formation of hybrids between members of different sections or subgenera (Kehr, 1977; Williams et al., 1990) . Fortunately, vegetatively propagated plants like azalea can suddenly produce variations originating in somatic cells, which lead to the formation of bud sports. This sporting phenomenon is considered a valuable additional source of new variation. More then 50% of the commercial azalea assortment consists of flower colour sports exhibiting a wide range of different colours and coloration patterns (De Schepper et al., 2001; Heursel, 1999) . In order to unravel the mechanism behind the induction event, the phenotypic colour differences should be molecularly characterised.
Flower pigmentation has been studied intensively mainly in three species: Petunia hybrida, Antirrhinum majus and Ipomea nil. In those species flavonoid pigment genes have been shown to be targets for transposition (Coen et al., 1986; Forkmann, 1993; Gerats et al., 1990; Hisatomi et al., 1997; Martin and Gerats, 1993; Nevers et al., 1986; Van Houwelingen et al., 1998) as well as for epigenetic effects (Bollmann et al., 1991; Jorgensen, 1995; Mol et al., 1983; Napoli et al., 1990; Todd and Vodkin, 1996; Van Blokland et al., 1996) , two phenomena leading to different types of flower colour variegation, which we believe take part in azalea sport induction.
To elucidate the molecular background of the azalea sport patterns, our first goal was to isolate the endogenous flavonoid genes. We focussed more specifically on the chalcone synthase (chs) and dihydroflavonol 4'-reductase (dfr) genes, which have clearly been proven important in flower colour pattern formation in aforementioned model species (Gerats et al., 1990; Mol et al., 1983) . CHS catalyses the stepwise condensation of three acetate residues from malonyl=CoA and one residue of 4-coumaryl-Coa to yield naringenin chalcone (Fig. 1) (Heller and Hahlbrock, 1980) . Isomerization and further substitution of this central intermediate yields flavonols, flavanones, isoflavonoids and anthocyanins.
DFR catalyses the last common step in the flavonoid pathway leading to anthocyanins and pro-anthocyanidins (Fig. 1) . In general, this enzyme catalyses the conversion of dihydroflavonols dihydrokaempferol, dihydroquercetin and dihydromyrecitin to the flavan-3, 4-cis-diols leucopelargonidin, leucocyanidin and leucodelphinidin, respectively, which are the intermediate precursors for the respective anthocyanidins (Meyer et al., 1987) . Here we report on the isolation and partial structural characterisation of the azalea chs and dfr cDNA clones.
Materials and Methods

Plant material
Azalea plants were grown in a greenhouse under standard conditions. Leaf and flower tissues were harvested on liquid nitrogen and stored at -80°C until needed for experimental work. 'Hellmut Vogel' and the following of his sports were used in these experiments: 'Paloma', 'Hector', 'Mevr. E. Troch', 'Sima', 'Cyriel Buysse', 'Julia', 'Ilona', 'Mevr. Wimberg', 'Zalm Vogel', 'Inka', 'Nordlicht', 'Anja', 'Mary', 'Super Nova' and 'Terra Nova'. The cultivar used to synthesize the cDNA library is the seedling 'Flamenco' which is not related to 'Hellmut Vogel' and his sports.
DNA isolation
To 25-75 mg of lyophilised leaf material 10 ml extraction buffer I [50 mM TRISHCl, 5 mM EDTA, 350 mM sorbitol, 10 % polyethylene glycol (MW 8.000), 0.1 % β-mercapto-ethanol and 0.1 % BSA] is added. The leaf material is homogenised in the extraction buffer during 15-45 s by inverting the tubes to maximise the contact. The solution is then filtered through a 60µm Miracloth filter (Calbiochem, La Jolla, USA) to remove the cell debris. The nuclei are precipitated from the filtrate by centrifuging in a Sorvall Centrifuge with SM-24 rotor (5 min, 2500x g, 4°C). During this step the extraction buffer II [100 mM TRIS-HCl, 20 mM EDTA, 1.4 M NaCl, 2 % CTAB (Ncetyl-N,N,N-trimethylammoniumbromide), 1 % PVP (Polyvinylpyrrolidone MW 40.000), 0.4 % β-mercapto-ethanol, 0.5 mM Na 2 S 2 O 5 (UCB, Leuven, Belgium) , 10 U RNase (Qiagen, Hilden, Germany)] is prepared and placed at 65°C. After centrifuging the supernatant is removed and the nuclei resolved in 1 ml heated extraction buffer II. The tubes are incubated 40 min in a warm water bath at 65°C. After incubation at 65°C the mixture is transferred with a plastic pipette to a 2 ml microcentrifuge tube and 1 ml chloroform/isoamylalcohol (24:1) is added. The solution is homogenised for a few minutes by inverting the tubes and the mixture is centrifuged during 15 min at 10.000 x g in a microcentrifuge at room temperature. The supernatant is transferred to a new microcentrifuge tube and 1 ml of ice-cold isopropanol is added to precipitate the DNA. The DNA is recovered by centrifuging the precipitation liquid during 15 min at 5.000 x g at room temperature. The DNA pellet is washed with 1 ml EtOH 76 % -0.2 M NaOAcsolution by gently agitation of the tubes for a few minutes. The pellet is collected by centrifuging during 10 min at 5.000 x g. The DNA pellet is dried with vacuum and is resolved overnight in the refrigerator in 20 -50 µl distilled H 2 O. DNA concentrations were checked on 1.5 % agarose gel against a λ-DNA standard row and visualised by 145 colouring in a ethidium bromide bath (0.5 mg/l) and U.V.-light. Yields of pure DNA ranged from 10-100 ng / µl or 0.4 -4 µg per 100 mg leaf material used.
Construction and Screening of the cDNA library
Five micrograms of poly (A) + RNA, prepared from petal tissue of the purple azalea cultivar 'Flamenco', was used to construct a cDNA library in a ZAP Express TM vector (Stratagene). The method followed was as described by Stratagene. The cDNA library was packed using the Gigapack II packaging extract (Stratagene) and produced a total number of 1× 10 6 recombinant clones. For screening about 1× 10 4 p.f.u. were plated onto 90 mm plates and duplicate lifts were taken using Hybond-N membranes (Amersham) according to the manufacturers instructions. The filters were prehybridised at 60° for 1 h in the hybridisation solution containing 5×SSC, 0.1%(w/v) SDS, 5%(w/v) dextran sulphate and 20-fold dilution liquid block (supplied by Amersham). For hybridisation 50 ng of a fluorescein-labelled probe was added (Gene Images Random Prime Labelling module, Amersham). For dfr and chs screening the petunia dfrA cDNA clone (pT219U) (Beld et al., 1989) and the petunia chsA cDNA clone (VIP 131) (Koes et al., 1986) were used respectively. Incubation was continued for 16-18 h at 60°. Filters were washed in 1×SSC, 0.1%(w/v) SDS for 15 min, subsequently 15 min in 0.5×SSC, 0.1% (w/v) SDS, both at 60°. For detection of the fluorescein-labelled probes the Gene Images CDP-Star Detection module (Amersham) was used. Filters were exposed for 1 h to a hypersensitive X-ray film (Amersham). Plaques that showed strong hybridisation were isolated and retested. Inserts from selected clones were subcloned in the pBK-CMV phagmid and transferred to XLOLR strains using the ExAssist Helper Phage (Stratagene).
Southern blot analysis
For Southern blot analysis, 3µg of genomic DNA was digested. The restricted DNA was run on 0.8% agarose gel and blotted onto Hybond-N membranes according to the manufacturer's instructions (Amersham). The probes were labelled by random priming using 32 P-dCTP. The blots were hybridised at 60°C overnight in 10% (w/v) PEG (MW 8000), 7% SDS, 10 mM sodium phosphate pH 6.8, 5 mM EDTA, 0.6 X SSC and 100 µg ml-1 sheared/denatured salmon sperm DNA (Sigma) made up to 1 litre with H 2 O. High stringency washes were performed in 0.2X SSC at 60°C. 2.5. PCR amplification genomic dfr gene PCR amplification conditions were as follows: 94°C, 2min; 35X (94°C, 30 sec, 56°C, 30 sec, 72°C, 2 min); 72°C, 10 min. The sequence of the forward primer was CTGCTCCTACCCGCTATT, the reverse primer: CACCTCAGCAGCCATACA.
Sequence analysis
PCR fragments (30-90ng) and plasmid DNA (200-500ng) were labelled using the BigDye TM Terminator Cycle Sequencing Ready Reaction kit (Perkin Elmer), loaded onto polyacrilamide gel and sequenced according to the dideoxy-chain termination method of Sanger et al. (1977) , on a ABI Prism  377 DNA sequencer. The resulting nucleotide sequences were analysed using the FASTA search mode of the GCG software program (BEN http:// ben.vub.ac.be).
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Results
Cloning and sequence analysis of azalea dfr and chs cDNA
A cDNA library was constructed, starting from flower bud RNA of the purple cultivar 'Flamenco'. This choice was based on knowledge of the enzyme pools present in azalea flowers of different colours. Only in extracts of purple flowers different types of anthocyanins and flavonols are spectrophotometrically detectable, suggesting expression of most of the flavonoid genes (De Loose, 1969; 1979) . The cDNA library was constructed using the ZAP Express TM cDNA Synthesis Kit (Stratagene). Around 300.000 clones of the amplified library were screened sequentially with fluorescein labelled probes for dfr and chs. After 4 subsequent purifications 8 dfr and 5 chs positive clones were selected for sequencing and further characterisation (Fig. 2) . After in vivo excision of the phagmids and transformation to E. coli, the plasmids were subjected to restriction analysis. A SalI-XbaI digest revealed a 1.3kb insert for all positive dfr clones tested and a 1.5kb BamHI-XbaI fragment was found for the chs positives (Fig. 2) . Both cDNA's are postulated to be full length because they contain an in-frame stop codon in the upstream of the putative initiation codon.
The 
% (Oryza sativa).
The azalea chs clone isolated from the cDNA library has a length of 1491bp and possesses an open reading frame of 1269 bp, which codes for a protein of 423. Homology studies of the azalea chs AA sequence, deduced from the cDNA sequence, with other plants reveals similarities varying between 95.9 % (Camellia sinensis) and 83.4 % (Oryza sativa). This is in agreement with earlier reports that the chs protein is highly conserved and the AA sequence displays 80-90% identity among angiosperms (Niesbach-Klösgen et al., 1987) .
Southern analysis of chs and dfr genes in the azalea genome
Southern analysis was performed to estimate the number of genes encoding dihydroflavonol 4'-reductase and chalcone synthase in the azalea genome. Genomic leaf DNA of 'Hellmut Vogel' and four of his sports was digested using HindIII. Fig. 3A shows the hybridisation of the homologous dfr cDNA clone to restricted DNA of 'Hellmut Vogel'. Only one strong hybridising band was observed for all the plants analysed. In the Southern analysis with the chs cDNA probe, four different bands lit up (Fig. 3B). 3.3. PCR with dfr specific primers on genomic leaf and flower DNA To isolate the genomic dfr gene sequence, PCR amplification was performed on leaf and flower DNA of several of the 'Hellmut Vogel' sports (Fig. 3C) . In all the plants analysed, three fragments were amplified. Sequencing analysis proved that the fragment of approximately 1.1kb results from the amplification of the transcript. This can be expected since no RNase treatment was performed on the DNA samples prior to PCR analysis. The amplification product of 4 kb represents the genomic dfr fragment (Fig.  3C) , while the sequence of the 1.3 kb fragment shows homology with an ACC oxydase gene, probably due to mismatch amplification.
Discussion
The flavonoid biosynthesis offers an excellent model system to study the regulation of gene expression in higher plants and virtually all the genes that encode the enzymes of the biosynthesis have been isolated (for reviews Forkmann, 1993; van Tunen and Mol, 1991) . The first requirement to unravel the mechanism behind sport induction is to possess the endogenous flower colour genes of azalea. Our first efforts concentrated on chs, the key enzyme at the beginning of the pathway, and on dfr, specifically important for anthocyanin synthesis (Fig. 1) . Using heterologous petunia probes, two cDNA clones were isolated from a corolla-specific cDNA library (Fig. 2) . Both clones appeared to be full length and the sequences were compared at nucleotide and amino acid level with dfr and chs genes from other plant species. The sequence homology was taken to confirm that the azalea dfr and chs clones were derived from dfr and chs mRNA, respectively.
Molecular analyses of chs and dfr genes in a wide variety of plant species have revealed that they occur in variable copy number. To estimate the degree of amplification for the azalea dfr and chs genes, genomic DNA of 'Hellmut Vogel' and four of his sports was digested with restriction endonuclease HindIII and subjected to Southern analysis, using the complete homologous cDNA clones as probes (Fig. 3A,B) . The HindIIIrestriction enzyme does not cut within either of the two probes. In the Southern analysis, the dfr probe hybridises to a single target sequence in all the varieties tested in this way. On the basis of these results, we can conclude that the azalea genome contains only one dfr gene. By Southern blotting with the chs probe, four different bands were observed, indicating that this plant species may harbour a small chs gene family. However, since the restriction map of the entire genomic azalea chs sequence is not yet available, we cannot clearly state the number of chs gene copies in azalea.
Preliminary experiments were conducted to isolate and sequence the genomic dfr and chs clones. Genomic leaf and flower DNA was subjected to PCR amplification with dfr specific primers. The results indicate that the genomic dfr gene is approximately 4 kb long (Fig. 3C) . Furthermore, no differences were found in length of this fragment in different sports and between different tissue (leaf versus flower). This indicates that colour differences between sports cannot be attributed to gross genetic alterations, insertions or deletions, in the dfr-coding region. 
